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Abstract:  Solidification plays a critical role in the production of sound castings. Hence, an understanding of the casting 

solidification mechanism and how it can be controlled are important considerations in foundry work. Model flow 

charts were developed for the Gating, Mould Filling and Solidification processes. Finite Element method was used 

to discretize and solve the governing equations developed for the models using the commercial software, Comsol 

Multi-Physics. Models developed were validated from experimental data obtained from the Foundry using three 

different dimensions each for Aluminium alloys A1200 and A8011 by study the temperature profiles and nature of 

the solidification of the alloys. A comparison of the temperature profiles generated from the experiments and 

simulations show that in 64% of the processes, there were no significant differences between the experimental and 

simulated values. However, in comparing the Niyama values obtained from the experiments and those from the 

simulations, there were no significant differences in 46% of the processes. Threshold Niyama values of 0.103°C-

s)1/2 /mm for A1200 and 0.143°C-s)1/2/mm for A8011 were also established. Below these threshold values, it is 

predicted that shrinkage will occur in castings from these metals. This research work showed that temperature 

gradients and cooling rates are important in predicting the occurrence of shrinkage in casting. Also, alloy 

composition affects the threshold Niyama values. This is because the Niyama value obtained for alloy A8011 

(0.143°C-s)1/2/mm) was higher than that of alloy A1200 (0.103°C-s)1/2/mm) which had a lower silicon content. 
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Introduction 

Hsu et al. (2006) stated that improving the quality of foundry 

products has been an issue for research in manufacturing. 

Numerical models are developed to predict mechanical 

characteristics and shrinkages porosities. This is done to 

ensure that casting process and effective parameters 

are carefully studied for the production of better castings. The 

mechanism of casting solidification and its control for 

obtaining sound castings have been a challenge to foundry 

men (Khanna, 1996). The way a metal solidifies affects its 

properties. This is because casting develops a metallographic 

structure which is formed during solidification. Also, the 

soundness of a casting is dependent on its solidification 

mechanism and hence a critical factor. Delijusen et al. (1986) 

stated that in recent years, there has been considerable 

international interest in the development and improvement of 

near net shape manufacturing methods. In the area of 

solidification processing, which offers the most direct route to 

a finished shape, a number of exciting innovations have 

resulted in the emergence of new casting techniques and 

foundry procedure.  

Consequently, extensive efforts have gone into developing 

computer models for the numerical simulation of the 

solidification process. These solidification simulation 

procedures involve the numerical analysis of heat transfer 

during solidification using either the finite difference method 

(FDM) or the finite element method (FEM). According to 

Droux (1991), knowledge of the location of liquidus and 

solidus temperatures, the temperature at any point within the 

casting, local cooling rate, temperature gradient, all at 

appropriate time interval is of great importance since this 

information allow for the prediction of the formation of voids, 

porosity, cracks, micro-segregation and certain 

microstructures and if necessary to adjust the design of the 

casting, cooling channels and gates, risers to improve the 

casting quality. 

The structural and mechanical properties of alloys depend on 

many factors that act during solidification (Nikanorov et al., 

2005). These include the structure of the melt, the 

crystallization rate, and the temperature gradient at the liquid-

solid interface. According to Skocovsky et al. (2009), the 

mechanical properties of cast Al-Si alloys are significantly 

affected by eutectic silicon shape in the structure. For this 

reason, alloys are modified with proper elements.  

Shrinkage allowance 
Most cast metals shrink or contract volumetrically after 

solidification and therefore, the pattern to obtain a particular 

sized casting is made lager by a value which is equivalent to 

the shrinkage or contraction. The rate of shrinkage varies from 

one metal to the other because shrinkage is a physical 

property of metals. Shrinkage also depends on pouring 

temperature, size   that Al-Si binary alloy is an eutectic system 

with the eutectic composition at 12.6 wt% Si. Silicon reduces 

the thermal expansion coefficient, increase corrosion and wear 

resistance. Tavakoli et al., (2009) studied the prediction of 

shrinkage defects by thermal criterion functions. The study 

considered the indirect prediction of shrinkage induced 

solidification defects. It analyzed in the details, the criterion 

function methods, in particular the Pellini and Niyama 

criteria. In order to moderate limitations related to the 

criterion function method, a new method was introduced 

(Tavakoli et al., 2009; Ziolkowski, 2002) to predict the 

location of centerline shrinkage in metal castings. The 

suggested method in the study was derived theoretically based 

on a heuristic two-scale, macro-meso-scale approach. 

However, the application of the suggested method was limited 

to low freezing range alloys. The feasibility of the method was 

studied by comparing numerical results against the available 

experimental data. .Hetu et al., (2009) carried out a sensitivity 

analysis to examine the mould-metal heat transfer coefficient, 

mould thermal conductivity, wall friction factor, pouring basin 

temperature and pouring basin head pressure through doing 

coupled flow simulations on thin-walled castings using the 
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commercial casting simulation software, MAGMASOFT. 

Validation on a real production casting was performed using 

the tuned parameters from the verification exercise done to 

match simulation with reality. Hetu et al. (2009) worked on 

computational methods for mould filling simulation of semi-

solid alloys. The work involved a 3-D numerical solution 

algorithm for the simulation of free surface flow of dense 

suspensions including particle migration phenomena.  

The solution algorithm was validated against flow problems 

for which experimental and numerical data were available. 

Pericleous et al. (1999) worked on prediction of defects in 

steel castings with a Multi-physics numerical code while 

Guleyupoglu et al. (1997) studied the modelling of multiphase 

flow with solidification and chemical reaction in materials 

processing. The study utilized computational approaches to 

investigate the multiphase flow and its application in material 

processes, especially in the areas of directional solidification, 

pyrolysis and synthesis. It involved the development of an 

advanced 3-D multi-physics numerical code to model the 

shape casting process of metals. The work predicted the 

common defects present in castings and thermal deformation 

are validated against actual castings. Also, researchers have 

developed, implemented and tested a casting modelling 

software tool to simulate filling and residual flow behaviour, 

solidification behaviour of a range of materials, elasto-visco-

plastic behaviour of solid component and its distortion, the 

formation of macro- and micro-porosity and the impact of 

feeding shrinkage, and porosity defects of Al-Si Alloy 

castings made with permanent mould (Wei, 2009; Jain, 2007; 

Zeid, 2005; Bailey et al., 1997; Mina, 2005). 

 

Materials and Methods 

Two varieties of Al-Si alloys were simulated and foundry 

experiments carried out. Tower Aluminum Rolling Mills, Ota, 

Ogun State, Nigeria provided the following relevant thermal 

properties as shown in Table 1. 

 

 

Table 1: Properties of Alloys A1200 and A8011 been compared together 

 
 

Table 2 Dimensions of test pieces and their gating systems (rectangular dimensions) 

 
 

Preparation of Test Pieces 

Green sand casting was used to produce total number of 6 test 

samples (3 for each of the two alloys) from two Aluminium 

alloys A1200 and A8011. Fig. 1 shows alloy A1200 before 

melting while Fig. 2 shows Aluminium alloy A8011. The 

castings were carefully produced based on conditions and 

parameters to facilitate directional solidification. In this 

experiment, the gating and feeding systems were designed to 

ensure that the risers solidify later that the hot spots. Also, the 

necessary shrinkage allowances were taken into consideration 

in constructing the patterns for the castings (Figs. 1 and 2). 

Patterns for the rectangular samples are shown in Fig. 3. Table 

2 shows the dimensions of test Pieces and their Gating 

Systems (rectangular dimensions). 

 
Fig. 1: Alloy A1200 plates before melting  
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21.3 
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Sample 

No 

Casting 

Size (mm) 

Down 

Sprue 

(mm) 

Riser 

(mm) 

Ingate 

(mm) 

Runner Bar (mm) Vent 

(mm) 

1. 200 × 50 

× 39.4 

 

70 ×
∅25 

70 ×
∅25 (2 

nos) 

24 ×42 

× 7 

(2 no) 

150 × 25 ×  20 

 

70 × ∅ 5 

(2 no) 

2. 150 × 50 

× 39.4 

 

70 ×
∅25 

70 ×
∅20 

30 ×69 

×  17 

(2 no) 

 70 × ∅ 5 

(2 no) 

3. 200 × 25 

× 19.4 

 

70 ×
∅20 

70 ×
∅10 

24 ×42 

× 7 

(2 no) 

 70 × ∅ 5 

(2 no) 
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Fig. 2: Alloy A8011 plates before melting 

 

 
Fig. 3: Patterns for the rectangular samples 

 

Mould preaparation 

The moulds were prepared from green sand with Bentonite as 

binder. Properties of the moulding sand include permeability 

value of 150 cmWH, green strength of 78.4 KN/m2 and 

moisture meter of 3.0% (Engineering Materials Dnvelopment 

Institute, Akure, Nigeria, 2013). Fig. 4 shows a prepared 

mould for one of the Rectangular shapes. 

 

 
Fig. 4: Mould for one of the rectangular shapes 

 

Temperature measurement 

Two K-type thermocouples probes, 25 mm apart were inserted 

into each of  the moulds. The thermocouples were then 

connected to digital multi-meters from where temperature 

readings were taken at 20s intervals with a stop clock. Fig. 5 

shows the digital multi-meter and mould/thermocouple 

arrangement.  

  

 
Fig. 5: Prepared and coupled mould with thermocouple 

probes 

 

 
Fig. 6: Liquid metal being poured into one of the moulds 

 

Melting of the alloy specimens and pouring 

The alloy specimens were melted in a diesel fired crucible 

furnace and the pouring temperatures  were read off from an 

optical pyrometer. Fig. 6 shows the liquid metal being poured 

into one of the moulds after been melted in a crucible furnace. 

Criterion for prediction of shrinkage 

In Table 3, Niyama et al. (1982) gave existing thermal criteria 

for prediction of shrinkage as proposed in literatures. 

 
Table 3: Existing thermal criteria for prediction of shrinkage 

 
Source: Niyama et al. (1982)  

Where: G= Temperature Gradient; R= Cooling Rate; Vs= 

Solidification velocity; ts = local solidification time   

 

Criterion 

 

Author Year Proposed 

G 

 

Bishop et al 1951 

𝑮

𝐕𝐬
 

Davies 1975 

𝟏

𝐕𝐬𝐧
 

Khan 1980 

𝑮

√𝑹
 

Niyama et al 1982 

𝑮

𝐕𝐬
 

Lacomte- Beckers 1988 

 𝐆𝟎. 𝟑𝟑

𝐕𝐒𝟏. 𝟔𝟕
 

Lee et al 1990 

 𝐆𝟎. 𝟑𝟖

𝐕𝐒𝟏. 𝟔𝟐
 

Kao et al 1994 

𝟏

𝐭𝐬𝐦𝐕𝐬𝐧
 

Chiesa 1998 

http://www.ftstjournal.com/


Comparison of Solidification Shrinkage of Al-Si Alloys A1200 and A8011 

FUW Trends in Science & Technology Journal, www.ftstjournal.com 

e-ISSN: 24085162; p-ISSN: 20485170; December, 2019: Vol. 4 No. 3 pp. 912 – 919  

 
915 915 

The Niyama criterion which is the most popular and 

frequently used of all the criteria was adapted for the 

prediction of shrinkage. It was chosen because it provides a 

less complex way of predicting shrinkage in castings. The 

Niyama criterion is given by: 
 𝐆𝐣

√𝐑𝐢𝐣
    (1) 

Where: G is the thermal gradient given by: 

Gij =  (Tj −  Ti)/Ds   (2) 

Where: (Tj –  Ti) is the difference in temperature between two 

points i and j in the casting and Ds is the distance between 

these points. 

Rij   the rate of cooling rate from an instant of time 𝜏1 to 𝜏2   at 

a given location inside the casting is given by: 

Ri = (Tj –  Ti) /(𝜏2  - 𝜏1)   (3) 

Bailey et al., (1997) stated that if 
 Gj

√Rj
is less than 1, then there 

is a high possibility of shrinkage occurring in Steel castings. 

Niyama et al., (1982) investigated steel cylinders of different 

diameters by casting, and the critical temperature gradient was 

found to be inversely proportional to the diameter. This 

observation led to the selection of a new parameter, the 

temperature gradient divided by the square root of the cooling 

rate at the end of solidification at each point within a casting. 

The critical value of the parameter for shrinkage was 

independent of the alloy and size and shape of castings in the 

range studied. 

The sprue  

It was recommended that sprue should be sized to limit the 

flow rate of molten metal, this is because, the design of the 

sprue is crucial in order to avoid initiation of turbulent flow in 

the gating system (Zeid, 2005). The Sprue exit area was 

calculated from equation. 4 

ghW

G
A

2
    (4)  

Where: A = cross sectional area; G = rate of flow/volume 

rate; W = specific weight of metal; g = acceleration due to 

gravity; h = vertical height of molten metal in sprue. 

 

Results and Discussion 

Appendices 1-3 show the readings for Alloys A1200 and 

A8011 of samples 1-3 with dimensions of 200 × 50 × 39.3 

mm, 200 × 25 × 19.6 mm and 250 × 25 × 39.3 mm, 

respectively.  While  graphs of experimental and simulation 

results are presented in Fig. 5 – 18. 

 

 
Fig. 7: Probes 1 and 2  Temperature  Profile (Experimental and 

Simulated) Alloy A1200  (Rectangular 1) 

 

 
Fig. 8: Graph of experimental and for simulated values of 

the Niyama Criteria for Alloy A1200 (Rectangular1) 

 

 
Fig. 9: Probe 1 and 2 temperature profile (experimental 

and simulated) for Alloy A8011 (Rectangular 1) 

 

 
Fig. 10: Experimental and Simulated values of the Niyama 

Criteria for Alloy A8011 (Rectangular 1) 
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A look at the profiles of alloy A1200, rectangular 1 as showa 

that  the temperature profiles (Fig. 7) at the two probes are 

similar in trend. However, the graph of the experimental and 

simulated Niyama values (Fig. 8) did not show any similar 

trend. The experimental results peaked at a Niyama value of 

about 1.4(°C-s)1/2 /mm whereas the simulated values are 

below 0.20(°C-s)1/2 /mm. For alloy A 8011, rectangular 1, the 

temperature profiles (Fig. 9) at the two probes are similar in 

trend. However, the graph of the experimental and simulated 

Niyama values (Fig. 10)  did not show any similar trend. The 

experimental results peaked at a Niyama value of about 

8.0(°C-s) 1/2 /mm whereas the simulated values are below 

1.0(°C-s) 1/2 /mm. 

 

 
Fig. 11:  Probes 1 and 2 temperature profile  (experimental and 

simulated) for Alloy A1200 (Rectangular 2) 

  

 
Fig. 12: Graph of Experimental and  Simulated  values of 

the Niyama Criteria for Alloy A1200 (Rectangular2) 

 

 

 
 

Fig. 13: Probes 1 and 2 TemperatureProfile (Experimental 

and Simulated) for Alloy A8011 (Rectangular 2 

 

 
 

Fig.14: Graph of Experimental and Simulated values of  

Niyama Criteria  for Alloy A8011  (Rectangular 2) 

 

 

For alloy A1200, Rectangular 2, the temperature profiles (Fig. 

11) at the two probes are similar in trend. However, the graph 

of the experimental and simulated Niyama values (Fig. 12) 

did not show any similar trend. The experimental results 

peaked at a Niyama value of about 3.5(°C-s)1/2 /mm whereas 

the simulated values are below 0.50°C-s)1/2 /mm. Whereas for 

alloy A8011 Rectangular 2,  the temperature profiles (Fig. 13) 

at the two probes are similar in trend. However, the graph of 

the experimental and simulated Niyama values (Fig. 14) do 

not show any similar trend. The experimental results peaked 

at a Niyama value of about 7.0 (°C-s)1/2 /mm whereas the 

simulated values are below 1.5(°C-s)1/2 /mm. 

In the case of alloy A1200, rectangular 3, the temperature 

profiles (Fig. 15) at the two probes are similar in trend. 

However, the graph of the experimental and simulated 

Niyama values (Fig. 16) did not show any similar trend. The 

experimental results peaked at a Niyama value of about 

6.5(°C-s) 1/2 /mm whereas the simulated values are below 

0.50°C-s)1/2 /mm. For alloy A 8011, rectangular 3,  the 

temperature profiles  (Fig. 17) at the two probes are similar in 
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trend. However, the graph of the experimental and simulated 

Niyama values (Fig. 18) did not show any similar trend. The 

experimental results peaked at a Niyama value of about 

20.0(°C-s)1/2 /mm whereas the simulated values are below 

0.5(°C-s)1/2 /mm. 

 

 
Fig. 15:  Probes 1 and 2 Temperature Profile 

(Experimental and Simulated) for Alloy A1200  

(Rectangular 3)   

 

 
Fig. 16: Graph of Experimental and Simulated values of 

the Niyama Criteria  for Alloy A1200  (Rectangular 3) 

  

 
Fig. 17: Probes 1 and 2 Temperature Profile 

(Experimental and Simulated) for Alloy A8011 

(Rectangular 3) 

 

 
Fig. 18: Experimental and Simulated values of  Niyama 

Criteria for Alloy A8011 (Rectangular 3) 

 

Table 4 gives details of the meshing and discretization used in 

the simulations. The level of meshing is low and this 

negatively affected the convergence of the finite 

elements approximations, it has been stated that, the finer and 

greater the number of meshing, the better the integrity of the 

results Bailey et al. (1997). This explains the disparity 

between some of the results of the simulations and 

experiments simulated mean values. 

 

 

Table 4: Meshing and discretization data from comsol multi-physics 

 
 

Alloy Tetrahedral 

Elements 

Triangular 

Elements 

Meshing 

Volume 

Average 

Element 

Quality 

Average 

Growth 

Rate 

A1200 (Rectangular 1) 

 

 

1619 1086 6.051e-4m
3
 0.5584 2.125 

A1200 (Rectangular 2) 

 

 

1231 812 4.171e-4m
3
 0.6264 1.842 

A1200 (Rectangular 3) 

 

 

1920 1030 1.365e-4m
3
 0.6001 2.071 

A8011 (Rectangular 1) 

 

 

1619 1086 6.051e-4m
3
 0.5584 2.125 

A8011 (Rectangular 2) 

 

 

1231 812 4.171e-4m
3
 0.6264 1.842 

A8011 (Rectangular 3) 

 

 

1920 1030 1.365e-4m
3
 0.6001 2.071 
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A study of the means of the Niyama values across both 

Alloys, shapes and sizes indicated that they were lower than 

the experimental values for both alloys and across the casting 

sizes. This observation was in agreement with the assertion of 

Zeid, (2005) who also stated that, unlike physical 

measurements, casting simulation requires much of user input 

due to its complexity. 

 

 

 

 

Table 5 Comparison of the means of the Niyama values across Alloys, shapes and sizes 

 
 

The Niyama values for both experiments and simulations 

were higher for Alloy A8011. An explanation for this was 

supported by Mina (2005) was in the Silicon contents of both 

alloys, A1200: Al (99.3%) – Si (0.20%) and A8011: Al 

(98.34%) - Si (0.47%)). The Silicon content was higher in 

A8011 than A1200. 

 

Conclusion 
There has not been an accepted ways of predicting shrinkage 

in Aluminium alloys. He further stated that since most alloys 

of aluminium have conductivity more than two times higher 

than that of Steel, a value of 0.05°C-s)1/2 /mm is assumed for 

Aluminium alloys (Mina, 2005).  Carlson et al.,(2009) 

asserted that the Niyama threshold value change from one 

alloy to the other. He stated a value of 1(°C-s1/2 /mm for steel 

and 0.065(°C-s)1/2/mm for the Aluminium-Silicon alloy 

A8011. From Table 5, the simulated values seem to be much 

more in consonance with values stated generally for 

aluminium in the above literature.  

This work has therefore been able to determine 

experimentally and through simulation the threshold Niyama 

values 0.103  

°C-s)1/2 /mm for A1200 and 0.143°(C-s)1/2 /mm for A8011. 

Below these threshold values, it is expected that shrinkage 

will occur in castings from these metals. With this conclusion, 

the presence of shrinkage in these alloys can be controlled. 

This work highlighted the importance of temperature gradient 

and cooling rate in predicting the occurrence of shrinkage in a 

casting. In this work, it was also revealed that alloy 

composition affects the threshold Niyama values since the 

values obtained for alloy A8011 were higher than those of 

alloy A1200. It was also shown that the shapes of the castings 

did not have significant effect on the Niyama values whereas 

the smaller sized castings had higher values than the bigger 

ones. 
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S/No 

 

 

Casting Size 

Mean Of Experimental 

Niyama Values 

Mean of Simulated 

Niyama Values 

A1200 A8011 A1200 A8011 

1. 200 Χ 50 Χ 39.4 

 

0.806 - 0.134 - 
2. 150 Χ 50 Χ 39.4 1.047 2.728 0.290 0.957 

3. 200 Χ 25 Χ 19.8 3.307 6.808 0.155 1.605 
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APPENDICES 

 

Appendix 1: Readings for Alloy A1200 and A8011 of sample 1 with 200 × 50  × 39.3 mm Dimensions 

 
 

Appendix 2: Readings for Alloy A1200 and A8011 of sample with 200 × 25  × 19.6 mm dimension 

 
 

Appendix 3: Readings for Alloy A1200 and A8011 of sample with 250 × 25  × 39.3 mm dimension 

 

 

 

Time  Type of 

Alloy 

EXP. 

Temp. 

Probe 

1 (P1) 

EXP. 

Temp. 

Probe 

2 (P2) 

SIM. 

Temp. 

Probe 1 

(SMP1) 

SIM. 

Temp. 

Probe 1 

(SMP2) 

P2-

P1 

EXP. 

Ther

mal 

Gradi

ent 

EXP.  

Coolin

g Rate 

(R)  

EXP.

√𝑅 

EXP. 

Niyam

a (N) 

SMP2

-

SMP1 

SIM. 

Ther

mal 

Gradi

ent 

SIM. 

Cooling 

Rate 

(R) 

√𝑅 

 SIM. 

Niyama 

20 Al 1200 

Al8011 

753 

640 

807 

685 

594.26 

570.42 

595.96 

561.75 

54 

45 

2.16 

1.80 

3.15 

1.20 

1.775 

1.10 

1.217 

1.64 

1.70 

9.07 

0.068 

0.36 

0.675 

0.22 

0.822 

0.47 

0.083 

0.77 

40 Al 1200 

Al8011 

702 

632 

744 579.62 

553.99 

582.465

57.27 

42 

29 

1.68 

1.16 

2 

0.05 

1.414 

0.22 

1.188 

5.19 

2.84 

3.28 

0.114 

0.13 

0.692 

0.33 

0.832 

0.58 

0.137 

0.23 

60 Al 1200 

Al8011 

670 

632 

704 

662 

565.28 

543.50 

568.625

50.61 

34 

30 

1.36 

1.20 

1.5 

0.00 

1.225 

0.00 

1.110 

0.00 

3.34 

7.11 

0.134 

0.28 

0.695 

0.42 

0.834 

0.64 

0.160 

0.44 

80 Al 1200 

Al8011 

662 

632 

674 

662 

551.16 

534.05 

554.725

42.30 

12 

30 

0.48 

1.20 

0.55 

0.05 

0.742 

0.22 

0.647 

5.37 

3.56 

8,24 

0.142 

0.33 

0.682 

0.48 

0.826 

0.69 

0.172 

0.48 

100 Al 1200 

Al8011 

662 

632 

663 

661 

537.51 

524.72 

541.075

32.76 

1 

29 

0.04 

1.16 

0.05 

0.00 

0.224 

0.00 

0.179 

0.00 

3.56 

8.04 

0.142 

0.32 

0.671 

0.48 

0.819 

0.69 

0.174 

0.47 

120 Al 1200 

Al8011 

663 

631 

664 

661 

524.21 

515.39 

527.655

23.23 

1 

30 

0.04 

1.20 

0 

0.00 

0.000 

0.00 

0.000 

0.00 

3.44 

7.84 

0.138 

0.31 

0.669 

0.51 

0.818 

0.71 

0.168 

0.44 

140 Al 1200 

Al8011 

663 

630 

664 

661 

510.95 

505.76 

514.275

13.09 

1 

31 

0.04 

1.24 

0 

0.00 

0.000 

0.00 

0.000 

0.00 

3.32 

7.32 

0.133 

0.29 

0.634 

0.51 

0,796 

0.72 

0.167 

0.41 

160 Al 1200 

Al8011 

663 

627 

664 

661 

498.38 

486.31 

501.605

02.84 

1 

34 

0.04 

1.36 

0.05 

0.00 

0.224 

0.00 

0.179 

0.00 

3.22 

6.75 

0.129 

0.27 

0.634 

0.52 

0.796 

0.72 

0.162 

0.38 

180 Al 1200 

Al8011 

662 

623 

663 

661 

485.81 

486.31 

488.934

92.54 

1 

38 

0.04 

1.52 

0 

0.05 

0.000 

0.22 

0.000 

0.22 

3.12 

6.23 

0.125 

0.25 

0.617 

0.52 

0.785 

0.72 

0.159 

0.35 

200 A1200 

A8011 

662 

618 

663 

660 

473.57 

476.40 

476.604

82.17 

1 

42 

0.04 

1.68 

0 

0.05 

0.000 

0.22 

0.000 

0.22 

3.03 

5.77 

0.121 

0.23 

0.605 

0.52 

0.778 

0.72 

0.156 

0.32 

220 A1200 

A8011 

662 

612 

663 

659 

461.56 

466.50 

464.50 

471.83 

1 

47 

0.04 

1.88 

0 

0.05 

0.000 

0.22 

0.000 

8.41 

2.94 

5.33 

0.118 

0.21 

0.597 

0.50 

0.773 

0.71 

0.152 

0.30 

240 A1200 

A8011 

661 

606 

663 

658. 

449.71 

456.76 

452.56 

461.84 

2 

47.0 

0.08 

2.08 

0 

0.10 

0.000 

0.32 

0.000 

6,58 

2.85 

5.09 

0.114 

0.20 

0.528 

0.50 

0.727 

0.71 

0.157 

0.30 

260 A1200

A8011 

660 

599 

663 

656 

439.22 

447.01 

441,99 

451.86 

3 

52.0 

0.12 

2.28 

0.15 

0.10 

0.387 

0.32 

0.310 

7.21 

2.77 

4.85 

0.111 

0.19 

0.528 

0.49 

0.727 

0.71 

0.153 

0.29 

280 A1200 

A8011 

659 

592 

660 

654 

428.72 

437.59 

431.42 

442.10 

1 

57.0 

0.04 

2.48 

0 

0.25 

0.000 

0.50 

0.000 

4.96 

2.70 

4.51 

0.108 

0.18 

0.528 

0.48 

0.727 

0.70 

0.149 

0.28 

300 A1200 

A8011 

656 

585 

660 

649 

418.23 

428.32 

420.85 

432.45 

4 

62.0 

0.16 

2.56 

0.45 

0.40 

0.671 

0.63 

0.239 

4.05 

2.62 

4.12 

0.105 

0.16 

0.528 

0.48 

0.727 

0.69 

0.144 

0.26 

320 A1200 

A8011 

650 

577 

651 

641 

407.73 

419.13 

410.28 

422.94 

1 

64.0 

0.04 

2.56 

0.45 

1.10 

0.671 

1.05 

0.060 

2.44 

2.55 

3.82 

0.102 

0.15 

0.476 

0.45 

0.690 

0.69 

0.148 

0.24 

340 A1200 640 642 398.28 400.76 2 0.08 0.75 0.866 0.092 2.48 0.099 0.471 0.686 0.145 

 

 

 

 

 

 

 

240 A1200 

A8011 

661 

606 

663 

658. 

449.71 

456.76 

452.56 

461.84 

2 

47.0 

0.08 

2.08 

0 

0.10 

0.000 

0.32 

0.000 

6,58 

2.85 

5.09 

0.114 

0.20 

0.528 

0.50 

0.727 

0.71 

0.157 

0.30 

260 A1200

A8011 

660 

599 

663 

656 

439.22 

447.01 

441,99 

451.86 

3 

52.0 

0.12 

2.28 

0.15 

0.10 

0.387 

0.32 

0.310 

7.21 

2.77 

4.85 

0.111 

0.19 

0.528 

0.49 

0.727 

0.71 

0.153 

0.29 

280 A1200 

A8011 

659 

592 

660 

654 

428.72 

437.59 

431.42 

442.10 

1 

57.0 

0.04 

2.48 

0 

0.25 

0.000 

0.50 

0.000 

4.96 

2.70 

4.51 

0.108 

0.18 

0.528 

0.48 

0.727 

0.70 

0.149 

0.28 

300 A1200 

A8011 

656 

585 

660 

649 

418.23 

428.32 

420.85 

432.45 

4 

62.0 

0.16 

2.56 

0.45 

0.40 

0.671 

0.63 

0.239 

4.05 

2.62 

4.12 

0.105 

0.16 

0.528 

0.48 

0.727 

0.69 

0.144 

0.26 

320 A1200 

A8011 

650 

577 

651 

641 

407.73 

419.13 

410.28 

422.94 

1 

64.0 

0.04 

2.56 

0.45 

1.10 

0.671 

1.05 

0.060 

2.44 

2.55 

3.82 

0.102 

0.15 

0.476 

0.45 

0.690 

0.69 

0.148 

0.24 

340 A1200 

A8011 

640 

569 

642 

619 

398.28 

410.11 

400.76 

413.85 

2 

50.0 

0.08 

2.00 

0.75 

1.05 

0.866 

1.02 

0.092 

1.95 

2.48 

3..74 

0.099 

0.15 

0.471 

0.45 

0.686 

0.67 

0.145 

0.23 

360 A1200 

A8011 

625 

559 

627 

598 

388.93 

401.09 

391.35 

404.75 

2 

39.0 

0.08 

1.56 

0.5 

0.95 

0,707 

0.97 

0.113 

1.60 

2.42 

3.66 

0.097 

0.15 

0.471 

0.43 

0.686 

0.66 

0.141 

0.22 

380 A1200 

A8011 

605 

547 

617 

579 

379.59 

392.59 

381.94 

396.08 

12 

32.0 

0.48 

1.28 

0.4 

0.85 

0.632 

0.92 

0.759 

1.39 

2.35 

3.49 

0.094 

0.14 

0.471 

0.43 

0.686 

0.66 

0.137 

0.21 

400 A1200 

A8011 

587 

535 

609 

562 

370.25 

384.18 

372.53 

387.48 

22 

27.0 

0.88 

1.08 

0.5 

0.75 

0.707 

0.87 

1.245 

1.25 

2.28 

3.30 

0.091 

0.13 

0.431 

0.42 

0.657 

0.65 

0.139 

0.20 

420 A1200 

A8011 

575 

523 

554  

547 

361.68 

375.96 

363.90 

379.09 

24 

24.0 

0.96 

0.96 

0.55 

0.70 

0.742 

0.84 

1.294 

1.15 

2.22 

3.13 

0.089 

0.13 

0.414 

0.41 

0.644 

0.64 

0.138 

0.20 

440 A1200 

A8011 

560 

512 

560 

533 

353.46 

367.98 

355.62 

370.96 

28 

21.0 

1.12 

0.84 

0.65 

0.60 

0.806 

0.77 

1.389 

1.08 

2.16 

2.99 

0.086 

0.11 

0.414 

0.40 

0.644 

0.64 

0.134 

0.19 

460 A1200 

A8011 

548 

500 

548 

521 

345.23 

360.47 

347.33 

362.86 

27 

21.0 

1.08 

0.84 

0.55 

0.65 

0.742 

0.81 

1.456 

1.04 

2.10 

2.85 

0.084 

0.11 

0.414 

0.38 

0.644 

0.62 

0.131 

0.18 

Time 

(sec) 

 

Type of 

Alloy 

Exp. 

Temp 

Probe 1 

(P1) 

Exp. 

Temp 

Probe 2 

(P1) 

Simulated 

Temp 

P1(SmP1) 

Simulated 

Temp P2 

(SmP2) 

P2- 

P1 

Exp. 

Thermal 

Gradient 

Exp. 

Cooling 

Rate 

(R) 

EXP= 

√R 

Ex. 

Niyama 

(N) 

Sim. P2 

– 

Sim. P1 

Sim 

Thermal 

Gradient 

Sim. 

Cooling 

Rate 

Sim. 

EXP= 

√R 

Sim. 

Niyama 

20 A1200 

A8011 

774 

664 

781 

741 

750.83 

640.96 

751.68 

613.57 

7 

77 

0.28 

3.08 

2.55 1.597 0.175 0.82 0.033 0.366 0.605 

 

0.054 

40 A1200 

A8011 

722 

638 

730 

688 

742.91 

603.74 

744.32 

 

8 

50 

0.32 

2.00 

1.85 1.36 0.235 1.41 0.056 0.392 0.526 0.090 

60 A1200 

A8011 

686 

624 

693 

658 

734.44 

594.75 

736.48 7 

34 

0.28 

1.36 

1.35 1.162 0.241 2.04 0.081 0.476 0.682 0.118 

80 A1200 

A8011 

663 

623 

666 

657 

724.45 

586.25 

725.91 3 

34 

0.12 

1.36 

0.00 0.00 0.00 2.45 0.098 0.548 0.740 0.131 

100 A1200 

A8011 

662 

624 

666 

657 

713.56 

577.77 

715.96 4 

33 

0.16 

1.32 

0.00 0.00 0.00 2.39 0.096 0.629 0.793 0.121 

120 A1200 

A8011 

661 

625 

566 

656 

701.49 

569.04 

703.37 

 

5 

31 

0.2 

1.24 

0.00 0.00 0.00 1.88 0.075 0.712 0.844 0.089 

 

Time 

(sec) 

 

Type of 

Alloy 

Exp. 

Temp 

Probe 1 

(P1) 

Exp. 

Temp 

Probe 2 

(P1) 

Simulated 

Temp 

P1(SmP1 

Simulated 

Temp P2 

(SmP2) 

P2- 

P1 

Exp. 

Thermal 

Gradient 

Exp. 

Cooling 

Rate(R) 

EXP= 

√R 

Ex. 

Niyama 

(N) 

Sim. P2 

– 

Sim. P1 

Sim 

Thermal 

Gradient 

Sim. 

Cooling 

Rate 

Sim. 

EXP= 

√R 

Sim. 

Niyama 

20 A1200 

A8011 

648 

587 

685 

534 

746.37 

671.71 

746.16 

671.84 

17 

47 

1.48 

1.880 

1.00 

0.10 

1.00 

0.316 

1.48 

5.945 

0.19 

0.89 

0.008 

0.095 

0.777 

0.742 

0.881

0.862 

0.009 

0.041 

40 A1200 

A8011 

534 

521 

685 

632 

730.61 

699.14 

730.64 

656.99 

31 

111 

1.24 

4.44 

0.05 

0.05 

0.22 

0.224 

5.545 

19.856 

0.03 

2.15 

0.001 

0.086 

0.916 

0.743 

0.957 

0.862 

0,001 

0.100 

60 A1200 

A8011 

627 

496 

654 

633 

712.10 

647.15 

712.32 

642.14 

37 

137 

1.48 

5.48 

0.05 

0.80 

0.22 

0.894 

6.619 

6.127 

0.23 

5.01 

0.009 

0.200 

1.099 

0.752 

1.049 

0.867 

0.005 

0.231 

80 A1200 

A8011 

601 

452 

663 

617 

689.51 

684.83 

690.33 

627.09 

52 

165 

2.48 

6.50 

0.25 

3.25 

0.50 

1.803 

4.96 

3.661 

0.83 

7.74 

0.033 

0.310 

1.315 

0.769 

1.147 

0.877 

1.025 

0.353 

100 A1200 

A8011 

575 

430 

658 

552 

663.91 

612.08 

664.03 

611.70 

83 

122 

3.32 

4.88 

0.55 

2.60 

0.74 

1.612 

4.477 

3.025 

0.12 

3.37 

0.005 

0.375 

0.682 

0.803 

0.825 

0.895 

0.006 

0.418 

120 A1200 

A8011 

544 

421 

647 

500 

651.57 

606.23 

650.39 

595.55 

103 

79 

4.12 

3.16 

1.75 

2.00 

1.32` 

1.414 

3.114 

2.234 

1.18 

10.58 

0.047 

0.423 

0.676 

0,841 

0.872 

0.917 

0.058 

0.452 
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